Abstract. The aim of the present study is to fabricate bone cement that could transform to carbonate apatite (CO 3 Ap) completely at body temperature. The powder phase of vaterite and dicalcium phosphate anhydrous (DCPA) was mixed with 0.8 mol/L of NaH 2 PO 4 , Na 2 HPO 4 , and Na 3 PO 4 aqueous solution, respectively, with liquid to powder ratio (L/P ratio) of 0.45, 0.55, and 0.65. The paste was packed into split stainless steel mold, covered with the glass slide and kept at 37°C and 100% relative humidity for up to 96 hours (h). XRD analysis revealed that the cement became pure CO 3 Ap within 24 h for Na 3 PO 4 , 72 h for Na 2 HPO 4 , and 96 h for NaH 2 PO 4 , respectively. FT-IR results showed that all of the obtained specimens could be assigned to B-type CO 3 Ap. CHN analysis showed the carbonate content of the specimen were 10.4 ± 0.3% for NaH 2 PO 4 , 11.3 ± 0.7% for Na 2 HPO 4 , and 11.8 ± 0.4% for Na 3 PO 4 , respectively. Diametral tensile strength of the set CO 3 Ap cement was 1.95 ± 0.42 MPa for NaH 2 PO 4 , 2.53 ± 0.53 MPa for Na 2 HPO 4 , and 3.45 ± 1.53 MPa for Na 3 PO 4 , respectively. The set CO 3 Ap cement had low crystallinity similar to bone apatite since it was synthesized at body temperature. We concluded, therefore, that CO 3 Ap cement prepared from the present method has higher possibility to be used as an ideal bone replacement.
Introduction
Calcium carbonate and dicalcium phosphate anhydrous (DCPA) are candidates for starting material to carbonate apatite (CO 3 Ap) cement. However, Takagi et al. reported that the cement formed from the mixture of calcite and DCPA mixed with Na 2 HPO 4 solution failed its full transformation to apatite [1] . This may be due to the limited solubility of calcite. Vaterite is one of the polymorph of calcium carbonate and also known to have higher solubility than calcite. CO 3 Ap in the different form has been conducted by Daitou et al. In their study, CO 3 Ap block was obtained by mixing calcite and DCPA with distilled water in 70°C [2] . Unfortunately, this method could not be employed in the case of apatite cement because its difficult to apply in 70°C. The key issue of apatite cement required body temperature to apply and to set. It has been reported that the inorganic element of bone is CO 3 Ap (Ca 10 (PO 4 ) 6-x (CO 3 ) x (OH) 2-x ) that contains of 4-8 wt% carbonate in apatitic structure [3] . The carbonate content in apatitic structure has a close relationship with osteoclastic resorption, that is, CO 3 Ap shows higher solubility in the weak acidic condition produced in Howship's lacuna formed by the osteoclasts. Therefore, CO 3 Ap is expected to become an ideal bone replacement material. On these bases, this study is assigned to examine the basic properties of CO 3 Ap cement consisting vaterite and DCPA.
Materials and methods

Preparation of apatite cement (AC).
Vaterite (Yabashi Industries Co., Ltd, Ohgaki, Japan) and DCPA (J.T. Baker Chemical Co., NJ, USA) were employed as AC powder. Average particle size of vaterite powder was approximately 0.7 µm. Particle size of commercially obtained DCPA powder (J.T. Baker Chemical Co.) was reduced to 1.0 µm by grinding the powder in a planetary micro mill (Fritsch 8 6580, Idar-Oberstein, Germany) with 95% ethanol for 24 hours (h) followed by drying overnight at 80°C in a dry-heat oven (DO-300A, AS ONE, Osaka, Japan). Finally, vaterite and DCPA were mixed homogeneously to obtain AC powder. 0.8 mol/L of sodium dihydrogen phosphate (NaH 2 PO 4 ), disodium hydrogen phosphate (Na 2 HPO 4 ), and trisodium phosphate (Na 3 PO 4 ) were used as the cement liquid, respectively. Powder phase and liquid phase were mixed with spatula at a liquid to powder (L/P) ratios of 0.45, 0.55, and 0.65. The paste was packed into stainless steel mold (6 mm in diameter × 3 mm in height). Both ends of the mold was covered with a glass slides and clamped by a paper metal clip. The molds were then placed inside plastic container with distilled water to maintain 100% relative humidity. The plastic container was placed into an incubator and kept at 37°C for 24 h, 72 h, and 96 h, respectively. Upon completion of the treatment times, the specimens were removed from the mold and immersed in the 99% ethanol for 3 minutes then dried in the oven (DO-450FA, AS ONE) at 80°C for 3 h.
Characterization of specimens. The set cement specimen was ground to fine powder and characterized by XRD analysis. XRD analysis was done by X-ray diffractometer (D8 Advance, Bruker AXS GmbH., Karlsruhe, Germany) with a CuKα radiation operated at 40 kV of tube voltage and 40 mA of tube current. The specimen was also examined by FT-IR analysis. The FT-IR spectra were measured using an FT-IR spectrometer (FT/IR-6200, JASCO, Tokyo, Japan). Carbonate content in the specimen was determined by CHN coder (MT-6, Yanako Analytical Instruments, Kyoto, Japan). The contents of carbonate were calculated from the amounts of carbon contained in the specimens.
Morphological observation. Morphological evaluation of the top surface and fractured surface of the specimen was performed by scanning electron microscope (SEM: S-3400N, Hitachi HighTechnologies, Tokyo, Japan) at 10 kV of accelerating voltage after gold sputter coating.
Mechanical strength measurement. The mechanical strength of specimen was examined in terms of diametral tensile strength (DTS). After the cement set, the diameter and height of each specimen were measured with a micrometer (MDC-25MU, Mitutoyo Co. Ltd., Kanagawa, Japan). The specimen was crushed using a universal testing machine (AGS-J; Shimadzu Corporation, Kyoto, Japan) at a crosshead speed of 1 mm/min. The DTS values were taken as average of at least twelve specimens.
Results and Discussion
Figure 1 (a) summarizes the powder XRD patterns of before and after 24 h of vaterite + DCPA mixed with various sodium phosphate salt solutions, respectively, then kept in an incubator at 37°C and 100% relative humidity. XRD pattern of commercial HAp was also listed as reference. The XRD pattern of AC + NaH 2 PO 4 and AC + Na 2 HPO 4 showed incomplete transformation to apatite. On the other hand, the XRD pattern of AC + Na 3 PO 4 showed the full transformation to apatite within 24 h. As shown in figure 1 (b) , the XRD pattern of powder specimens of set AC that fully transformed to CO 3 Ap after being kept in an incubator at 37°C and 100% relative humidity for 24 h, 72 h, and 96 h, respectively. The XRD pattern of bone was also listed as reference. The crystallinity of all specimens was almost similar to bone. The transformation reaction from AC to CO 3 Ap is based on dissolution-precipitation reactions. When an AC was mixed in sodium phosphate salt solutions, vaterite dissolved and supplied Ca 2+ and CO 3 2-, meanwhile DCPA dissolved and supplied Ca 2+ and PO 4 3- . Since the solubility of CO 3 Ap is much smaller compared to vaterite and DCPA, the solution would be supersaturated with respect to CO 3 Ap, thus the crystal CO 3 Ap would be precipitated. The precipitated CO 3 Ap interlock each other to form set CO 3 Ap [4] . Fig. 1 (a) Powder X-ray diffraction patterns before and after 24 h of AC mixed with various sodium phosphate salt solutions, respectively, and (b) powder X-ray diffraction patterns of powder specimen of set AC that transformed to CO 3 Ap for 24 h, 72 h, and 96 h.
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Figures 2 summarizes the FT-IR spectra of powder specimen collected from CO 3 Ap cement with various sodium phosphate salt solutions for 24 h, respectively. FT-IR spectrum of commercial HAp was also listed as reference. In the spectra of all specimens, peaks assigned to phosphate were detected at 560-604 and 1015-1100 cm -1 . All specimens showed the additional peaks assigned to carbonate at around 875; 1431; 1486 cm -1 for AC + NaH 2 PO 4 , 873; 1420; 1477 cm -1 for AC + Na 2 HPO 4 , and 871; 1417; 1475 for AC + Na 3 PO 4 , respectively. This result indicates that all specimens contained CO 3 2-ions in its apatite structure. It was reported that CO 3 2-ions of B-type CO 3 Ap shows different peaks at 870-877 cm -1 associated with ν 2 vibrations of carbonate groups and 1410-1540 cm -1 associated with ν 3 vibrations of carbonate groups [5] . Therefore the peak bands of carbonate found in the specimen corresponds to B-type CO 3 Ap, in which CO 3 2-ions substituted with PO 4 3-ions. Fig. 2 FT-IR spectra of powder specimen (a) CO 3 Ap cement with various sodium phosphate salt solutions before and after 24 h and (b) FT-IR spectra of detailed carbonate bands. Figure 3 show the carbonate content of CO 3 Ap cement with various sodium phosphate salt solutions after treatment for 24 h. The carbonate content was found to be 10.4 ± 0.3% for NaH 2 PO 4 , 11.3 ± 0.7% for Na 2 HPO 4 , and 11.8 ± 0.4% for Na 3 PO 4 , respectively. The carbonate content in Na 3 PO 4 and Na 2 HPO 4 specimens was significantly higher (p<0.05) than that in NaH 2 PO 4 . Figures 4 show the SEM images on the top surface and the fractured surface of CO 3 Ap cement with various sodium phosphate salt solutions. SEM observation indicated that the crystal arrangement was different. On the surface of Na 2 HPO 4 specimen the crystal was formed intermingle, while NaH 2 PO 4 and Na 3 PO 4 specimens were formed orderly. When Na 2 HPO 4 was applied the crystal growth was slower so it took a longer time to form apatite. In contrast, when NaH 2 PO 4 and Na 3 PO 4 were applied respectively, the apatite crystal was formed rapidly. The difference in crystal growth could be due to the effect of vaterite and DCPA solubilities in sodium phosphate salt solutions. Figure 5 shows the DTS value of set CO 3 Ap cement with various sodium phosphate salt solutions after treatment at 37°C and 100% relative humidity for 24 h. DTS value of the set CO 3 Ap cement was 1.95 ± 0.42 MPa for NaH 2 PO 4 , 2.53 ± 0.53 MPa for Na 2 HPO 4 , and 3.45 ± 1.53 MPa for Na 3 PO 4 , respectively. From the DTS measurement, it was found that Na 3 PO 4 specimen has a higher DTS value when compared to the value obtained from NaH 2 PO 4 and Na 2 HPO 4 specimens. The difference was statistically significant (p<0.05). At least twelve specimens were measured (n=12).
Summary
The CO 3 Ap cement prepared from the present method has higher possibility to be used as an ideal bone replacement because the set CO 3 Ap cement had low crystallinity similar to bone apatite since it was synthesized at body temperature.
